We investigated early postnatal changes of the mesenteric circulation and its relationship to the systemic circulation in two groups of newborn infants. Group I (n = 10) was studied before the first feeding at 1 h and preprandially at 6 and 24 h. Group I1 (n = 10) was studied before the first feeding at 2 h of age and preprandially and postprandially at d 3, 4, and 5. Blood flow velocity was measured with ultrasound Doppler in the superior mesenteric artery (SMA), middle cerebral artery, subclavian artery, and aortic orifice for cardiac output (CO) calculations. Blood pressure and heart rate were monitored. SMA mean velocity (Vmean) decreased from 1 [0.33 5 0.07 m/s (mean -c SD)] to 6 h (0.23 -c 0.08 m/s,p c 0.005) in group I, probably due to ductal steal, returning to the 1-h value at 24 h. In contrast, middle cerebral artery Vmean remained unchanged in the first 24 h. From d 3, SMA Vmean increased 92% postprandially, with no relation to increasing amounts of food. The postprandial increase in SMA Vmean was not associated with changes in CO and blood pressure; however, a fall in relative mesenteric vascular resistance suggested regional redistribution of CO. Middle cerebral artery Vmean increased from h 2 to d 3 with a further increase on d 4 (p < 0.01). This increase was associated with an increase in blood pressure. The relative fraction of CO to middle cerebral artery increased during the first days of life, suggesting a redistribution of blood flow to the metabolically active organs in the neonatal period. During the first days of life, the intestinal circulation must adapt to feeding and to changes occurring in the postnatal transitional circulation. Ultrasound imaging and Doppler techniques permit noninvasive studies of the circulatory adaptive changes during the early period after birth. Studies on superior mesenteric artery BFV by Van Be1 e t al.
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Abbreviations
Vmean, mean velocity BFV, blood flow velocity EDFV, end diastolic flow velocity During the first days of life, the intestinal circulation must adapt to feeding and to changes occurring in the postnatal transitional circulation. Ultrasound imaging and Doppler techniques permit noninvasive studies of the circulatory adaptive changes during the early period after birth. Studies on superior mesenteric artery BFV by Van Be1 e t al. (1) showed that superior mesenteric artery BFV increased with gestational age and body weight, whereas Leidig (2) found an increasing fasting value after introduction of feeding and a definite postprandial increase.
The objective of this study was to systematically investigate early postnatal changes of the mesenteric circulation as they relate to the overall hemodynamic adaptation in term infants. T o characterize these changes, we measured the mesenteric BFV from the first hours of life through the 5th d. We also examined changes in cardiac
METHODS
Twenty healthy term infants were included in the study. All infants were appropriate for gestational age and were born by normal vaginal delivery after uncomplicated pregnancies. The postnatal course was uneventful and the infants were all breast fed except for two infants who were formula fed on d 3.
Because of our concern about an excessive number of examinations for each infant within the first 24 h, we conducted the study on two separate groups of 10 infants each. Group I (mean birth weight 3806 g, range 2910-4580 g; mean gestational age 39.5 wk, range 3 8 4 1 wk) was studied during the first 24 h of life, with examinations before any feeding 20-50 min (mean 37 min) after birth,
INTESTINAL BLOOD FLO IW IN NEWBORN INFANTS

335
preprandially at 6 h, and at 24 h of age. Group I1 (mean birth weight 3665 g, range 30204320 g; mean gestational age 39.7 wk, range 39-41 wk) was studied at 2 h of age before any feed and before and after feeding on d 3, 4, and 5.
The study was approved by the local ethical committee and written informed consent was obtained from the parents.
A duplex scanner with pulsed Doppler and color flow mapping was used (Vingmed CFM 750, Vingmed Sound, Horten, Norway). The transducer used was 7.5 MHz for tissue imaging and 6.0 MHz for the Doppler recordings. The maximum velocity envelope was traced immediately after each recording. The instrument software then calculated maximum and mean BFV and heart rate. The EDFV was measured manually from the hard copies of the spectral tracings. An average of at least two measurements was used for the velocity tracings and aortic diameter calculations.
Measurement of cardiac output. From a right upper parasternal long axis view, the aortic flow velocity was obtained by placing the sample volume at the level of the aortic orifice. Velocity wave forms were considered optimal when the leaflet signal was on the recordings and the characteristic sound of the aortic Doppler signal was maximal. In the parasternal long axis view, the aortic diameter was measured as the distance between the attachment of the aortic leaflets (trailing to leading edge method) in systole when the leaflets were maximally separated. By entering the diameter of the aortic orifice after the aortic velocity curve was traced, the instrument calculated stroke volume and the cardiac output was obtained by multiplying stroke volume by heart rate. The mean of at least two cardiac output calculations was used, normalized for weight, and expressed as mL/min/kg.
Ductus arteriosus. Using a parasternal short axis view, the patency and direction of the ductal shunt were evaluated by color flow mapping.
BFV measurements. For imaging of the superior mesenteric artery, the transducer was placed on the midabdomen above the umbilicus in the sagittal plane. Color flow mapping was used to identify the artery where it originated from the aorta. The sample volume of the pulsed Doppler was placed a few millimeters distal to the origin of the superior mesenteric artery. Angle correction was used when necessary; this varied from examination to examination. When stable wave forms were obtained, the curve was traced and the BFV was calculated.
With the guidance of color flow mapping, the middle cerebral artery was located with the transducer perpendicular to the pterion part of the temporal bone, and BFV was measured. The BFV in the right subclavian artery was recorded with the transducer in the anterior axillary line with the arm in a semiadducted position.
The examination was performed in the following order: superior mesenteric artery, cardiac output, middle cerebral artery, and finally subclavian artery. Blood pressure was then measured by an oscillometric method (SE-100, Sein Electronics, Kyung Ki-Do, Korea). Whenever restlessness occurred, measurements were made after the infants were properly soothed and were quiet. The total examination time was approximately '/z h for each infant. All infants were examined by the same investigator. None of the infants were fed before the first examination. Subsequent examinations were performed immediately before a feeding. Postprandial examinations on d 3, 4, and 5 were performed Yz h after the feeding had been completed.
Statistical evaluations. Analysis of variance for repeated measures was used to identify changes over time within each group, and paired t test was used to identify where the changes occurred. The correlation was tested for significance with Pearson's correlation test.
RESULTS
Cardiac output. The changes in cardiac output, heart rate, and stroke volume are shown in Figure 1 . In group I, there was no change in cardiac output. Heart rate decreased significantly from 1 to 6 h. However, the increase in stroke volume was not significant. In group 11, cardiac output decreased from h 2 to d 3 with no further change. There was no change in heart rate, but stroke volume decreased significantly from h 2 to d 3 and was maintained through d 5. There were no postprandial changes in cardiac output, heart rate, and stroke volume. Ductus arteriosus. In group I, at 6 h of age, all infants had an open ductus arteriosus with left-to-right shunt. By 24 h there was still left-to-right shunting in five infants, but the ductus was closed in the other five. In group 11, at 2 h of age, all infants also had an open ductus arteriosus with left-to-right shunt. The ductus was closed in all infants on d 3.
B h d pressure. The changes in blood pressure are shown in Figure 2 . In group I, neither mean nor diastolic blood pressure changed during h 1,6, and 24. In group 11, mean and diastolic blood pressure increased from h 2 to d 3, and was sustained at the same level through d 5. There were no postprandial changes.
Superior mesenteric artery. Superior mesenteric artery BFV results are shown in Figure 3 . In group I, superior mesenteric artery Vmean decreased from 1 to 6 h, returning to the 1-h value at 24 h. Superior mesenteric artery EDFV started out rather low (0. AGE -days - Figure 2 . Blood pressure changes in two groups of term infants. Group 1 (n = 10) was examined before any feeding at 1 h and preprandially at 6 and 24 h. Group 2 (n = 10) was examined before any feeding at 2 h and pre-and postprandially on d 3, 4, and 5. t , p < 0.01 vs 2 h. SD). At 1 h of age, two infants had negative and eight positive EDFV. At 6 and 24 h, EDFV was positive in all infants. The ratio mean blood pressure:superior mesenteric artery Vmean was used as an index of relative mesenteric vascular resistance. This ratio increased from 1 to 6 h, and decreased from 6 to 24 h. In group 11, the prefeeding superior mesenteric artery Vmean and EDFV increased from h 2 to d 3 with no further change. At 2 h of age, one infant had negative and seven had zero Middle cerebral artery. The BFV changes in the middle cerebral artery are shown in Figure 4 . In group I, there was no change in middle cerebral artery Vmean during h 1,6, and 24. Middle cerebral artery EDFV was positive in all infants at 1 h of age and increased at 24 h. During the first 24 h, there was no correlation between Vmean and mean blood pressure (r = 0.14). In group 11, middle cerebral artery Vmean increased from h 2 to d 3 with a further increase from d 3 to d 4 and remained unchanged on d 5. Middle cerebral artery EDFV was zero at 2 h of age in one infant and positive in the others. EDFV increased by d 3, with a further increase on d 4. In group 11, there was a significant correlation between Vmean and mean blood pressure (r = 0.53, p < 0.0001).
Superior rnesenteric artery Vmean (mls)
Fraction of cardiac output. The ratio of BFV to cardiac output was used as an estimate of the fraction of cardiac output to the various regional vascular beds (Fig. 5) . In group I, the relative fraction to the superior mesenteric artery increased from 6 to 24 h, whereas the relative fraction to the middle cerebral artery increased from 1 to 6 h. In group 11, the relative fraction to the superior mesenteric artery and middle cerebral artery increased from h 2 to d 3. The middle cerebral artery fraction increased fur- ther on d 4. Feeding increased the fraction to the superior mesenteric artery significantly; however, it did not influence the fraction to the middle cerebral artery.
Subclavian artery. Vmean and the relative fraction to the subclavian artery did not change during the course of the study in any of the two groups, nor were there any postprandial changes (data not shown).
DISCUSSION
Systemic circulation. The early postnatal changes in the systemic circulation may be explained both by left to right ductal shunting and by the decreasing effect from the catecholamine surge at birth. The fall in heart rate from 1 to 6 h of age may reflect the waning effect of the catecholamine surge at birth (3). The increase in mean and diastolic blood pressure and the decrease in cardiac output and stroke volume from 2 h to d 3 probably reflects ductal closure ( 6 8 ) .
Superior mesenteric artery. The low superior mesenteric artery Vmean at 6 h of age in group I and at 2 h of age in group I1 were, to a large extent, a result of very low, zero, or even negative EDFV. This was most probably due to the left-to-right shunt through the ductus arteriosus, resulting in ductal steal (9) . The peak in the relative 338 MARTINUSSEN ET AL. vascular resistance during the first hours of life suggests that intestinal vasoconstriction plays a role in the regulation of the systemic circulation in the presence of a ductal shunt. The mesenteric blood flow thus may be compromised if the ductal shunt were to increase to a clinically symptomatic level. The increase in preprandial superior mesenteric artery Vmean and decrease in relative vascular resistance from 2 h onward may largely be explained by the closure of the ductus arteriosus, although a priming effect of feeding may also have contributed (2, 10, 11). Once the feeding was regularized on d 3, we found a significant postprandial increase in superior mesenteric artery BFV; however, the magnitude of the postprandial change was not correlated with the increasing amount of milk taken from d 3 to 5. Others have reported that even small amounts of food can result in a significant increase in superior mesenteric artery BFV (12) . The observed postprandial increase in intestinal BFV was probably accomplished by intestinal vasodilation, as indicated by the decrease in relative mesenteric vascular resistance.
Middle cerebral artery. Ductal steal has also been reported to decrease brain blood flow (13, 14) . However, in our study, middle cerebral artery Vmean results suggest that the brain blood flow is unaffected by ductal steal. Similar results have been reported from studies of the internal carotid artery (15) . The lack of correlation between blood pressure and Vmean during the first 24 h in the presence of ductal shunting suggests that newborn infants can autoregulate their brain blood flow. Middle cerebral artery Vrnean as well as blood pressure increased with age in group 11. The correlation between middle cerebral artery Vmean and blood pressure in group I1 suggests a pressure-passive relationship. However, studies in newborn animals and humans have shown that healthy newborns can autoregulate their brain blood flow, but within a more narrow range than adults (16, 17) . Ramaekers et al. (18) found that the upper limit for autoregulation increased as a function of age in older infants. A more likely explanation for the simultaneous increase in blood pressure and brain BFV may therefore be a shift of the autoregulation range in the first week of life. The increase in middle cerebral artery BFV may also be a reflection of increasing metabolic demand (19) (20) (21) . We cannot, however, exclude the possibility that the increase in middle cerebral artery Vmean is influenced by changes in vessel size as a result of increasing blood pressure (22) .
Subclavian artery. The aim of measuring the subclavian artery BFV was to study limb perfusion in relation to feeding. In contrast to the present results, a transient decrease in limb blood flow measured by venous occlusion plethysmography has been shown to occur after feeding in term infants (23. 24) . Because the measurelimb blood flow during feeding may be masked. The vessel may therefore be unsuitable for measurement of arm blood flow during feeding. The effect of muscular activity in the few infants who were restless may have contributed to the lack of change after feeding.
Cardiac output distribution. During the first 5 d of life, the fraction of cardiac output to the brain increased. Others reported decreased skin and limb blood flow (25, 26) during the first week of life in healthy term infants. We speculate that during the first week of life the newborn infant redistributes his or her cardiac output with increased perfusion to metabolically active organs such as the brain. With feeding, the postprandial increase in the relative fraction of cardiac output to the gut, but not to the brain, suggests redistribution of cardiac output that did not influence brain blood flow.
In conclusion, we found significant changes in the systemic and regional circulation during the first hours of life in healthy term infants. These changes may be explained by the catecholamine surge at birth and ductal steal. The intestinal circulation was affected by ductal steal, in contrast to the cerebral circulation, which was relatively spared. The simultaneous increase in middle cerebral artery BFV and blood pressure may suggest changing autoregulation during the first week of life. The increasing BFV to the brain may also be explained by increasing metabolic demands. On d 3 of life, the circulatory responses to feeding were well established. This study of the early postnatal circulatory adaptation and the circulatory responses to feeding in the healthy term infant will serve as a reference study in preterm, smallfor-gestational-age, and sick newborn infants.
